Immunotherapy is rapidly evolving as an effective treatment option for many cancers. With the emerging fields of cancer vaccines and adoptive cell transfer therapies, there is an increasing demand for high-throughput in vitro cytotoxicity assays that efficiently analyze immune effector functions. The gold standard 51 Cr-release assay is very accurate but has the major disadvantage of being radioactive. We reveal the development of a versatile and nonradioactive firefly luciferase in vitro transcribed (IVT) RNA-based assay. Demonstrating high efficiency, consistency, and excellent target cell viability, our optimized luciferase IVT RNA is used to transfect dividing and nondividing primary antigen presenting cells. Together with the long-lasting expression and minimal background, the direct measurement of intracellular luciferase activity of living cells allows for the monitoring of killing kinetics and displays paramount sensitivity. The ability to cotransfect the IVT RNA of the luciferase reporter and the antigen of interest into the antigen presenting cells and its simple read-out procedure render the assay high-throughput in nature. Results generated were comparable to the 51 Cr release and further confirmed the assay's ability to measure antibody-dependent cell-mediated cytotoxicity and complement-dependent cytotoxicity. The assay's combined simplicity, practicality, and efficiency tailor it for the analysis of antigen-specific cellular and humoral effector functions during the development of novel immunotherapies.
Introduction
Cancer immunotherapy is emerging as an important contributor to the armamentarium of future oncology treatments [1] [2] [3] [4] . This was heralded by the advent of checkpoint inhibitors, which have made a paradigm shifting difference in the outcome of cancer treatment, resulting in sustained effects and long term survival [5, 6] . Checkpoint inhibitors only unleash the effector functions of preformed T cell specificities. This has motivated the reassessment of vaccination approaches as a complementary concept [7] . As a parallel development, due to maturation of technology and promising clinical data, the interest in redirecting adoptively transferred T cells by recombinant T cell receptors (TCRs) and chimeric antigen receptors (CARs) has moved into the spotlight [8, 9] , as has the pursuit of cancer-cell surface directed antibodies recruiting and activating immune effectors such as FcR positive immune cells (ADCC) or the complement cascade (CDC).
One of the many technical challenges in immunotherapy development is the assessment of cytotoxicity induced by immune effectors, whether engineered or therapeutically 2 Journal of Immunology Research elicited, in biological assays. Such assays are required for different stages of immunotherapeutic product development, including but not limited to high-throughput discovery/selection of clinical lead candidates, mechanism-ofaction or pharmacodynamics, biomarker studies accompanying clinical trial protocols, and potency assays for release of immunotherapeutic compounds.
Biological cytotoxicity assays for immunotherapeutic concepts may be more challenging as compared to those for chemical compounds due to various reasons. These include the use of difficult-to-label target cells, or, regarding reporter gene transfection-based assays, the use of difficultto-transfect targets such as primary human professional antigen presenting cells (APCs). These have to be modified to efficiently express not only the reporter gene but also the antigen of interest when measuring the cytotoxicity of cytotoxic T lymphocytes (CTLs).
Many cytotoxicity assays assess the integrity of target cell membranes after coincubation with killing reagents, for example, CTLs or monoclonal antibodies (mAbs). The Chromium-51-( 51 Cr-) release assay, first described in 1968 [10] , is still the gold-standard but has the drawback of being radioactive and consequently hazardous. Newer nonradioactive assays using vital dyes [11] , fluorescent dyes [12, 13] , and combinations thereof [14] as well as bioluminescencebased assays [15, 16] have various disadvantages ranging from suboptimal labelling of targets to spontaneous release by leaky cells and inacceptable labor intensiveness [14, 17, 18] .
A commonly used nonradioactive reporter gene is the luciferase enzyme [19] [20] [21] . When expressed in living cells, luciferase produces bioluminescence through a photogenic reaction in which it catalyzes the oxygenation of luciferin taken up from a substrate buffer that is added to the wells in the presence of intracellular oxygen and ATP.
Existing plasmid-based approaches using luciferase for the assessment of cytotoxicity such as the one described by Brown et al. [22] have the drawbacks of insufficient transfection efficiencies and significant decreases in vitality when using nondividing primary cells [23] .
Therefore, the objective of the project presented here was to develop an efficient nonradioactive firefly luciferasebased cytotoxicity assay system compatible with dividing and primary nondividing APCs and suitable for highthroughput screening of cytotoxicity of immunotherapeutic formats. More specifically, the assay should robustly allow the assessment of antigen-specific CTL responses, antibody-dependent cell-mediated cytotoxicity (ADCC), and complement-dependent cytotoxicity (CDC).
To this end, instead of using a plasmid-based reporter gene delivery, a gene-encoding RNA was used. RNA is a versatile format to not only deliver the nonradioactive firefly luciferase reporter into the target cells, but also allow the antigen to be recognized by the respective immune effectors. Gene-encoding RNA for engineering of cells has the advantages of being easy to produce in large amounts by in vitro transcription (IVT) and easy to deliver by electroporation without compromising cell viability and, since it does not need to enter the nucleus, it is also an efficient system to transfect both dividing and nondividing cells. Furthermore, this approach circumvents transcriptional regulation issues faced when using DNA plasmids [23] [24] [25] [26] .
As previously reported, we have developed a plasmid construct (pST1-Insert-2BglobinUTR-A120-Sap1), which upon in vitro transcription gives rise to a 3 modified RNA with optimized stability and translational efficiency [27] . This is achieved by fusing the cDNA of the gene of interest to the plasmid's cassette featuring two sequential human betaglobin 3 untranslated regions (UTRs) and a 120-nucleotide long poly(A) tail with an unmasked 3 end.
Taking advantage of our plasmid construct, this paper presents a sensitive, rapid, and simple-to-perform luciferase IVT RNA-based bioassay applicable for high-throughput screening of cytotoxicity mediated by antigen-specific CTLs or ADCC-or CDC-inducing mAbs.
Materials and Methods

Cells and Cell Lines.
The human erythromyeloblastoid leukaemia cell line K562 stably transfected with human HLA-A * 0201 (referred to as K562-A2) was cultured under standard conditions [28] . Endogenously human Claudin 18.2 (hCLDN18.2) expressing human gastric cancer cell lines NUGC-4 and KATO-III were maintained in RPMI 1640 (Life Technologies) supplemented with 10% foetal calf serum (Biofluid Inc., Gaithersburg, MD, USA) at 37 ∘ C, 5% CO 2 , and RPMI 1640 supplemented with 20% foetal calf serum at 37 ∘ C, 7.5% CO 2 , respectively. The CHO-K1 cell line stably expressing hCLDN18.2 was cultured in DMEM-F12 (Life Technologies), supplemented with 10% foetal calf serum, 1% Penicillin-Streptomycin (Life Technologies), and 1.5 mg/mL Geneticin (GE Healthcare Life Sciences) at 37 ∘ C, 7.5% CO 2 . Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Amersham Biosciences, Uppsala, Sweden) density gradient centrifugation from buffy coats obtained from healthy blood bank donors. Monocytes were enriched from PBMCs with anti-CD14 microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Immature (iDCs) and mature dendritic cells (mDCs) were generated as previously described [27] . The monospecific CTL cell line IVSB specific for the HLA-A * 0201-restricted tyrosinase-derived epitope tyr 368-376 [29, 30] was cultured as previously described [31] .
In Vitro Expansion of Human T Cells. CD8
+ T cells were purified from PBMC of human cytomegalovirus (CMV) + donors by positive magnetic cell sorting (Miltenyi Biotec) and expanded by coculturing 2 × 10 6 effectors with 3 × 10 5 autologous DCs either electroporated with IVT RNA or pulsed with overlapping peptide pool for 1 week in complete medium supplemented with 5% AB serum, 10 U/mL IL-2, and 5 ng/mL IL-7.
For nonspecific expansion, 2 × 10 6 per well naïve CD8 + T cells purified from CMV − donors were stimulated in OKT3 mAb coated 24-well plates (Janssen-Cilag GmbH, Neuss). Coating was performed using 300 L/well PBS-diluted mAb (10 g/mL) for 2 h at 37 ∘ C. After 24 h of culture, 50 U/mL IL-2 was added to the stimulated CTLs. On day 3, the cells were resuspended in fresh medium supplemented with 50 U/mL IL-2 and cultured for another 4 days in 24-well plates without OKT3.
Peptides and Peptide Pulsing of Stimulator Cells.
Pools of N-and C-terminally free 15-mer peptides (all peptides purchased from JPT Peptide Technologies GmbH) with 11 amino acid overlaps corresponding to sequences of CMVpp65 and HIV-gag (referred to as antigen pool), the latter used as negative control, were dissolved in DMSO to a final concentration of 0.5 mg/mL. The HLA-A * 0201 restricted peptides derived from the CMV-pp65 (pp65 495−503 , NLVP-MVATV), tyrosinase (tyr 368-376 , YMDGTMSQV), and SSX2 (SSX2 [41] [42] [43] [44] [45] [46] [47] [48] [49] , KASEKIFYV) antigens were reconstituted in PBS 10% DMSO. For pulsing, stimulator cells were incubated for 1 h at 37 ∘ C in culture medium using concentrations of 1-3 g/mL, where not otherwise indicated.
Vectors for In Vitro Transcription.
A plasmid for in vitro transcription of the synthetic firefly luciferase reporter gene (luc2) was constructed based on the previously described pST1-insert-2hBgUTR-A(120) vector, which allows the generation of RNA with optimized stability and translational efficacy [27] . The luc2 gene was subcloned from the pGL4.14[luc2/Hygro] vector (Promega Corporation, Madison, WI, USA) and an internal EciI restriction site deleted by site-directed mutagenesis (Agilent) using the oligo luc2mut sense (5 -CTA CCA GGC ATC CGA CAG GGC TAC GGC CTG ACA GAA AC-3 ) and the reverse complement (Eurofins Genomics).
The pST1-2hBgUTR-A(120)-IVT vectors containing enhanced green fluorescent protein (eGFP) and the fulllength TCR alpha and beta chains of the pp65 495-503 -specific and HLA-A * 0201-restricted TCR-8-CMV#14 have been previously described [27, 31] . The pp65 antigen-encoding vector pST1-sec-pp65-MITD-2hBgUTR-A(120) features a signal sequence for routing to the endoplasmic reticulum and the MHC class I transmembrane and cytoplasmic domains to improve MHC class I and II presentation [32] .
Generation of IVT RNA and Transfer into Cells.
IVT RNA was generated as previously described [27] and added to cells suspended in X-VIVO 15 medium (Lonza) in a precooled 4 mm gap sterile electroporation cuvette (BioRad). Electroporation was performed with a Gene-Pulser-II apparatus (Bio-Rad; human iDC: 276 V/150 F; human mDC: 290 V/150 F; CD8 + T cells: 450 V/250 F; K562-A2, CHO and NUGC-4: 200 V/300 F; KATO III: 250 V/475 F).
Flow Cytometric Analysis.
Flow cytometric analysis was performed on a FACS-Calibur analytical flow cytometer using CellQuest-Pro software (BD Biosciences). DC maturation markers were detected by staining with PE-labelled anti-CD83 and APC-labelled anti-HLA-DR antibodies (BD Biosciences).
2.7.
Luciferase-Based CTL Cytotoxicity Assay. APCs were electroporated with 10-50 g of luc2 IVT RNA. For coelectroporation experiments, luc2 IVT RNA and either pp65 or control RNA were electroporated into the target cells simultaneously. After electroporation, cells were resuspended in prewarmed culture medium and incubated overnight at 37 ∘ C and 5% CO 2 . 20 h later, cells were diluted to a final concentration of 2 × 10 6 cells/mL in culture medium containing 1-3 g/mL specific peptide (pool) or control peptide (pool) and were incubated for 1 h at 37 ∘ C and 5% CO 2 . After pulsing with peptides, cells were washed and resuspended in complete culture medium and 1 × 10 4 cells per well were plated in triplicate in 50 L into white 96-well flat-bottom plates (Thermo Scientific). CD8
+ effector cells were washed, counted, and cocultured in different E : T ratios in a final volume of 100 L per well at 37 ∘ C and 5% CO 2 for 3 h. Minimal and maximal lysis control wells contained 1 × 10 4 target cells alone in a total volume of 100 L and 90 L, respectively. After the specified time 50 L of a D-luciferin substrate solution containing 3.6 mg/mL Dluciferin (BD Biosciences Pharmingen), 150 mM HEPES (Life Technologies) and 1.2 mU/ L Adenosine 5 -Triphosphatase (Sigma-Aldrich) were added to each well to a final volume of 150 L. Maximum lysis control wells were treated with 10 L 2% Triton X-100/PBS prior to addition of substrate. 96-well plates were incubated for another hour at 37 ∘ C and 5% CO 2 . After a total coincubation time of 4 h, the intracellular luciferase activity of living cells was measured using a Tecan Infinite M200 reader (Tecan Group AG, Crailsheim, Germany). Percent specific lysis was calculated as follows:
2.8. 51 Cr-Release Assay. Autologous DCs were loaded with 3 g/mL pp65 peptide pool or control peptide and labelled with 100 Ci of 51 Cr (NEN Life Science) for 90 min at 37 ∘ C and 5% CO 2 . 51 Cr labelled DCs were washed and resuspended in complete culture medium and 1 × 10 4 targets per 200 L per well coincubated in triplicate with effector T cells at different E : T ratios for 4 h. A total of 60 L of the supernatant was harvested, and released 51 Cr was measured with a scintillation counter. Spontaneous release was also determined. Percent specific lysis was calculated using the following equation: experimental release − spontaneous release maximum release − spontaneous release × 100. (2) 2.9. Luciferase-Based ADCC Assay. Target cells were electroporated using 7 g of luc2 IVT RNA. After electroporation, cells were resuspended in 2.4 mL prewarmed culture medium. 2 × 10 4 KATO-III cells or 2.5 × 10 4 NUGC-4 cells per 50 L per well were plated independently in triplicate into white 96-well flat-bottom plates (NUNC) and were incubated for 4-6 h at 37 ∘ C, 7.5%, and 5% CO 2 , respectively. Different IMAB 362 concentrations ranging from 0.06 ng/mL to 200 g/mL and Ficoll-Paque-purified PBMCs from healthy donors were added to each well (E : T ratio of 40 : 1). KATO-III and NUGC-4 cell-containing plates were incubated for 24 h at 37 ∘ C, 7.5%, and 5% CO 2 , respectively. After overnight incubation, 10 L 8% Triton X-100/PBS solution was added to the maximum lysis control wells and 10 L PBS to the other wells. Finally, 50 L D-luciferin substrate solution containing 3.2 mg/mL D-luciferin, 160 mM HEPES, and 0.64 mU/ L Adenosine 5 -Triphosphatase was added to each well to a final volume of 160 L and plates were incubated for 90 min at room temperature (RT) in the dark. Bioluminescence was measured using a luminometer (Infinite M200, TECAN). Percentage of specific lysis was calculated using the formula described above for the luciferase-based CTL cytotoxicity assay.
2.10.
Luciferase-Based CDC Assay. CHO-K1∼hCLDN18.2 cells were electroporated using 7 g of luc2 IVT RNA and resuspended in 2.4 mL prewarmed culture medium. 5 × 10 4 cells per 50 L per well were plated in triplicate into white 96-well flat-bottom plates (NUNC) and were incubated for 24 h at 37 ∘ C, 7.5% CO 2 . 44% human serum from healthy donors was prepared in RPMI medium supplemented with 20 mM HEPES. IMAB 362 antibody was diluted in human serum to final assay concentrations ranging from 31.6 ng/mL to 10 g/mL. 50 L of different IMAB 362 antibody concentrations were added to the target cells to achieve an end concentration of 20% (v/v) serum. The 96-well plate was incubated for 80 min at 37 ∘ C, 7.5% CO 2 . After incubation, 10 L 8% Triton X-100/PBS solution was added to control for maximum lysis and 10 L PBS to the remaining wells. D-Luciferin substrate solution was added to each well as described above for the ADCC assay. Plates were incubated for 45 min at RT in the dark and then measured in a luminometer (Infinite M200, TECAN). Specific lysis was calculated as described above for the ADCC assay.
Results and Discussion
Electroporation of Firefly Luciferase IVT RNA into Dividing and Nondividing APCs Is Nontoxic and Leads to Strong and Long-Lasting Gene Expression.
One of the key elements for the performance of a cytotoxicity assay system is the labelling of the target cell population with a reporter system without affecting cell viability. This limitation is pronounced when using nondividing cells, such as primary human APCs, frequently required in the context of immunotherapy drug development. Plasmid-based reporter gene assays are of low efficiency and do not provide a good solution [22] . Instead of using a plasmid-based delivery approach, the use of a luciferase gene-encoding mRNA was investigated here.
The firefly luciferase (luc2) gene was cloned into the pST1-2hBgUTR-A(120)-EciI vector and in vitro transcribed from this construct with a stability optimized 3 end (Figure 1(a) ). 5.4 g of this IVT RNA was electroporated into K562 leukemic cells stably transfected with the human HLA-A * 0201 gene (hereinafter referred to as K562-A2) [28] . In addition, difficult-to-transfect nondividing primary human cells, namely, iDCs and mDCs, were also used as targets (Figure 1(b) ). Luminescence after D-luciferin substrate addition was instantly detected and strongly increased between 2 and 8 h after electroporation. Signals reached maximum levels after 10 to 24 h in all cell types. K562-A2 cells showed the highest signal levels. Activity in primary cells was also very robust, and a 2-4-fold higher maximum luciferase activity was detected in mDCs compared to iDCs. High and durable expression levels were achieved with an approximately 80% signal intensity still being detectable 36 h after electroporation into K562-A2 cells and mDCs, and 24 h in the case of iDCs. Luciferase expression kinetics exhibited batch consistency within each cell type and were not affected by the use of higher luc2 IVT RNA amounts (data not shown).
To assess the viability of the target cells, 10 g RNA encoding luciferase and eGFP were electroporated into human iDCs and mDCs generated from the same donor. Both iDCs and mDCs displayed excellent viability, ranging from 85 to 95% in the 72 h after electroporation with reporter RNA as determined by flow cytometry (Figure 1(c) ). 80-90% of all living DCs expressed eGFP stably over 72 h illustrating high transfection efficiency. This gives the IVT RNA approach an advantage over plasmid based assays, which show low efficiencies when used with nondividing primary APCs, probably a consequence of using more stringent electrical settings [23] . Both iDCs and mDCs retained their phenotypes after electroporation as demonstrated by the sustained levels of the maturation markers HLA-DR and CD83 in luc2 transfected cells compared to controls for as long as 72 hours after electroporation. As expected, mDCs showed a higher expression of both markers (Figure 1(c) ).
In summary, the data demonstrate high, stable, and longlasting expression of luc2 reporter IVT RNA in dividing as well as nondividing primary APCs, without compromising the viability or immunological phenotype of the target cells.
Optimization of the Assay Parameters Enhances and Prolongs Luciferase Signals Whilst Minimizing Background and Reveals a Strict Luminescence to Cell Number Correlation.
As a next step, the implementation of the IVT RNA-based reporter-gene engineering of target cells into a robust cytotoxicity assay with a favorable signal-to-noise ratio and a high sensitivity was investigated.
For K562-A2 cells electroporated with 20 g of luc2 IVT RNA, a D-luciferin substrate concentration of 1.2 mg/mL achieved the highest signals (Figure 2(a) ). These signals were prolonged and stable, allowing continuous detection of living cells after a single administration of substrate for at least 4 h (Figure 2(b) ). Bioluminescence dropped to levels close to zero following Triton X-100 detergent-mediated cell lysis, demonstrating responsiveness of the technique to cytotoxic events (Figure 2(b) ). The rapid reduction of background signals from dying cells is further accelerated by the addition of ATPase to the substrate buffer, which results in the immediate hydrolysis of ATP released from these cells and ceasing of luciferase activity following cell death (data not shown). The stability of the signal over 4 hours and the direct assessment of cell death allow both endpoint measurements and the determination of killing kinetics, which is superior to many other assays such as the Electroporation of K562-A2 cells with increasing amounts of luc2 IVT RNA displayed a dose-dependent increase in luminescence (Figure 2(c) ).
The strict linear dependence between the detectable bioluminescence and transfected cell numbers further verified the sensitivity of the method (Figure 2(d) ).
Next, these conditions were tested on nondividing primary cells, namely, human monocyte-derived iDCs and mDCs. Addition of D-luciferin to human iDCs and mDCs 24 h after their electroporation with luc2 IVT RNA also demonstrated a linear correlation between cell number and bioluminescence (Figure 2(e) ). Luciferase activity from as few as 1,000 cells was more than 24-fold higher than background levels, implying that luminescence from such few cells suffices for accurate reporter gene detection (Figure 2(e) ).
The equipment and the read-out conditions of the assay greatly affect the specific signal, background reading, and the cross-talk between wells. In our hands, white polystyrene flat-bottom plates that reflect light and maximize the output signal and the more cost-efficient Tecan Infinite M200 luminescence plate reader (Tecan, Crailsheim, Germany) resulted in an excellent signal-to-noise ratio, achieving specific signals with multiple logs above background (Table 1 ; Figure 2(b) ). That, along with the advancements in plate readers, such as the automatic regulation of temperature and reagent addition, further promotes the automation of this assay for high-throughput screening. It should be noted that one can easily modify the assay according to one's needs, for example, target cell type and amount of cells usually available, by choosing a suitable plate reader and adjusting the amount of luciferase IVT RNA used for electroporation.
Luciferase IVT RNA Electroporation Permits Assessment of Antigen-Specific CTL Activity Comparable to the 51 Cr Release and Superior in the Ability to Monitor Killing Kinetics.
Having optimized the key performance parameters of the assay system, the CMV-pp65 model antigen was used to measure primary antigen-specific CTL responses, as is frequently required in vaccine approaches. To generate the respective reagents, effector T cells from a CMV + donor were expanded by coculture with pp65 antigen pool loaded autologous iDCs. Simultaneously, mDCs of the donor were generated and electroporated with luc2 IVT RNA. 20 h after transfection, the autologous target cells were loaded with either pp65 antigen pool or control antigen pool before being cocultured with + CMV + donor against (d) K562-A2 cells or (e) autologous mDCs was assessed after one week antigen-specific expansion using the luc2 IVT RNA assay in comparison to the 51 Cr assay. 20 h after luc2 RNA electroporation, target cells were loaded with pp65 495-503 peptide either alone or together with 100 Ci of 51 Cr. 1 × 10 4 peptide-loaded targets were incubated at different E : T ratios with CD8 + effector cells for 4 h. Cytotoxicity was determined via measurement of luminescence after addition of D-luciferin substrate or via measurement of released 51 Cr after harvesting of supernatant. All graphs represent the mean ± SD lysis ( = 3).
the CD8
+ effectors at different E : T ratios for 4 h. The calculated specific lysis of pp65 pulsed target cells increased with increasing E : T ratios, while target cells pulsed with control peptides were not lysed, illustrating the assays ability to detect and quantify antigen-specific CTL immune responses (Figure 3(a) ).
In order to assess the assay's capacity of directly determining the kinetics of CTL-mediated killing, OKT3-stimulated
CD8
+ T cells from a CMV − HLA-A * 0201 + donor were electroporated with IVT RNA encoding a previously isolated T cell receptor (TCR-8-CMV-#14) directed against the immunodominant CMV-pp65-derived HLA-A * 0201-restricted peptide pp65 495-503 [31] . Autologous iDCs were transfected with luc2 IVT RNA and 20 h later loaded with either the specific or a control peptide. Effector and target cells were incubated at different E : T ratios. D-Luciferin was added once after 3 h. Following that, multiple luminescence readouts were taken at different time points and descriptive killing kinetics could be recorded (Figure 3(b) ). For each E : T ratio, the specific lysis increased over time, with the 30 : 1 ratio showing the highest specific lysis at all time points, while control peptide loaded iDCs were not lysed. Other popular flow cytometry based cytotoxicity assays monitor, for example, caspase activation or granzyme B substrate cleavage in target cells [34] . These alternatives have the ability to quantify target cell death at the singlecell level. However, one needs to carefully determine the best time for such endpoint measurements, as markers of apoptosis such as caspase activity are only transiently present. This may be challenging especially with regard to T cell populations with unknown or low frequency antigen-specific effectors. Due to the long-lasting signals, the luciferase assay, on the other hand, provides the opportunity to take multiple measurements over a longer time period.
A further advantage of using gene-encoding RNA is that, together with the luciferase reporter gene IVT RNA, any other antigen (or vaccine) IVT RNA of interest can be cotransfected. OKT3-stimulated CD8 + T cells from a CMV − HLA-A * 0201 + donor were electroporated with the same TCR-8-CMV-#14 IVT RNA. Autologous iDCs were cotransfected with luc2 IVT RNA and decreasing amounts of a pp65 antigen-encoding IVT RNA or were luc2 transfected and subsequently pulsed with titrated amounts of the pp65 495-503 peptide. In addition to illustrating the efficient cotransfection of luciferase and varying amounts of antigen IVT RNA, the results show the sensitive recognition of antigen via the TCR with 74% specific lysis being detected using 2 g of pp65 RNA for transfection (Figure 3(c) ). In the context of this cotransfection ability, it should be noted that the use of a full-length antigen-encoding IVT RNA would allow the detection of CTL responses specific for naturally processed epitopes that are presented on the surface of the APCs.
The 51 Cr-release assay is widely used and is considered as the gold standard approach to assess T cell and natural killer cell-mediated cytotoxicity [32, [35] [36] [37] . The efficiency of the luciferase IVT RNA assay was thus further confirmed by a direct comparison with the 51 Cr-release assay using either K562-A2 cells or primary DCs as target cells. For the former, which were stably transfected with HLA-A * 0201 (Figure 3(d) (Figure 3(e) ), effector T cells from a CMV + donor were expanded using peptide loaded autologous iDCs. In parallel, autologous mDCs were electroporated with luc2 IVT RNA. 20 h later, half of the cells were loaded with pp65 antigen pool or control antigen pool alone and the other half were concurrently labelled with 51 Cr. In both settings, peptideloaded targets and CD8
+ effector cells were then incubated at different E : T ratios for 4 h before luminescence and released chromium were measured. The IVT RNA-based assay yielded specific lysis levels that were as sensitive as, and almost identical to, the 51 Cr assay, with 60% and ∼20% specific lysis of the K562-A2 cells (Figure 3(d) ) and autologous mDCs (Figure 3(e) ), respectively, at an E : T ratio of 30 : 1.
Luciferase IVT RNA Electroporation Permits a Highly
Sensitive Assessment of Antigen-Specific CTL Activity. Having proven the robustness of the system, the capability of the assay to detect low-frequency antigen-specific T cells was examined. The monospecific CTL cell line IVSB recognizing the HLA-A * 0201-restricted tyrosinase-derived epitope tyr 368-376 was used [29, 30] . Decreasing amounts of IVSB T cells were spiked into peripheral blood lymphocytes (PBLs). The specific lysis of autologous iDCs pulsed with the tyr 368-376 peptide was assessed. Since specific lysis is calculated using internal maximum and minimum references (see Section 2), iDCs plus PBLs without IVSB T cells were used as the minimum lysis reference in this experiment. Luciferase signals were analyzed after 5, 6, and 9 h of coincubation ( Figure 4) . After 5 h, the cytotoxic activity of 0.37% antigenspecific T cells corresponding to 740 IVSB cells in a total of 200,000 PBLs was easily detected based on the specific lysis of tyr 368-376 peptide pulsed target cells (Figure 4) . When the incubation time was prolonged to 9 h, the detection Tyrosinase-specific CD8 + T cells (%)
tyr 368-376 5 h tyr 368-376 6 h tyr 368-376 9 h Figure 4 : Luciferase IVT RNA electroporation permits a highly sensitive assessment of antigen-specific CTL activity. Titrated amounts of IVSB cells were spiked into PBLs and the specific lysis of autologous iDCs pulsed with the tyr 368-376 peptide was assessed using an E : T ratio of 20 : 1. Luciferase signals were analysed after increasing coincubation times. Results are the mean ± SD ( = 3).
limit was improved to as few as 26 antigen-specific T cells, corresponding to a frequency of 0.013% of PBLs.
The results confirm the suitability of the developed assay to sensitively detect cytotoxicity induced by very rare antigenspecific T cells, as is the case with ex vivo tumor-antigen specific effector cells in the blood of cancer patients.
In summary, the data indicates that the luciferase IVT RNA assay performs at least as well as the 51 Cr assay and is superior in its sensitivity, nonradioactivity, easy read-out procedure, and the monitoring of killing kinetics.
The Luciferase IVT RNA-Based Assay Efficiently Assesses mAb-Induced ADCC and CDC of Tumor Cell Lines.
In addition to T cell-mediated cytotoxicity, other effector functions have also been shown to participate in antitumor responses [38] . The assay was therefore adopted to assess ADCC and CDC, which are mediated by the recruitment and activation of either FcR positive effector cells or complement factors by the Fc domains of cell-bound mAbs [39] . To this end, IMAB 362, a therapeutic mAb in advanced clinical development directed against the pan-cancer cell surface antigen Claudin 18.2 (CLDN18.2), which exerts tumor cell death via ADCC and CDC, was used [40] [41] [42] [43] . KATO-III and NUGC-4 tumor cells endogenously expressing CLDN18.2 or CHO-K1 cells stably expressing the antigen were electroporated with luc2 IVT RNA. To measure ADCC, IMAB 362 was added to the KATO-III (Figure 5(a) ) and NUGC-4 ( Figure 5(b) ) target cells 4-6 h after luc2 electroporation. The cells were then incubated with human PBMCs at a 40 : 1 E : T ratio for 24 h; then D-luciferin substrate was added for luminescence measurement. For the assessment of CDC, 24 h after luc2 electroporation, the CHO-K1 cells were incubated with IMAB 362, diluted in human serum, for 80 minutes as a source of complement factors. Thereafter, D-luciferin was added for the signal read-out ( Figure 5(c) ).
Specific lysis via ADCC and CDC was found to be dependent on the IMAB 362 concentration. Dose-response curves were sigmoid with a good dynamic range. For IMAB 362-induced ADCC-mediated specific lysis of KATO-III cells, as few as 1.19 ng/mL antibody was sufficient to induce 25% killing ( Figure 5(a) ). For NUGC-4 cells, 24 ng/mL antibody induced 14 to 76% ADCC-mediated lysis among the different donors ( Figure 5(b) ). The maximum specific cell lysis was approximately 80% in both cell lines and was reached at concentrations of 9.88 g/mL IMAB 362. Robust CDC was measured at a concentration of 1000 ng/mL and reached a maximum of up to 99% lysis of CHO-K1 cells at an IMAB 362 concentration of 3.16 g/mL ( Figure 5(c) ).
The data demonstrates that the luciferase IVT RNA cytotoxicity assay may be used for both ADCC and CDC assessment. This may be very useful for high-throughput testing in the discovery and selection process of therapeutic mAb candidates as well as the assessment of immune cell and humoral responses in clinical vaccine development [44, 45] .
Conclusions
This paper reports the establishment of a highly suitable nonradioactive IVT RNA firefly luciferase-based cytotoxicity assay. By directly measuring intracellular luciferase activity, the assay efficiently assesses effector cell cytotoxicity mediated by antigen-specific CTLs when using cell lines and primary nondividing APCs as targets. The results generated were comparable to the gold-standard 51 Cr-release assay. Taking advantage of an optimized IVT RNA reporter, the approach is extremely sensitive and rapid and has a simple readout procedure, rendering it applicable for high-throughput screening. In further support of this, the assay allows for the cotransfection of luciferase and the antigen-encoding RNA into the APCs followed by the subsequent monitoring of killing kinetics. The assay was adopted for the evaluation of ADCC and CDC by a cancer cell surface antigen directed mAb. Together, the properties of the developed assay render it an attractive approach for measuring cytotoxicity in vitro, 
